The DNA sequence of the int-attP region of the small-isometric-headed lactococcal bacteriophage Tuc2009 is presented. In this region, an open reading frame, int, which potentially encodes a protein of 374 amino acids, representing the Tuc2009 integrase, was identified. The nucleotide sequence of the bacteriophage attachment site, attP, and the sequences ofattB, attL, and attR in the lysogenic host Lactococcus lactis subsp. cremoris UC509 were determined. A sequence almost identical to the UC509 attB sequence was found to be present in the plasmid-free Tuc2009-resistant L. lactis subsp. cremoris MG1363. This site could be used for the site-specific integration of a plasmid carrying the Tuc2009 int-attP region in the chromosome of MG1363, thereby demonstrating that the application of chromosomal insertion vectors based on bacteriophage integration functions is not limited to the prophage-cured original host strain of the phage.
Lysogeny is a widespread phenomenon in lactococci (18) . In milk fermentations, in which relatively undefined mixed-strain starter cultures are commonly used, bacteriophages can readily be isolated from a large number of strains after induction by UV irradiation or exposure to mitomycin C (12) . Despite the common occurrence of lysogenic strains and the potential threat lysogenic phages impose on dairy fermentations, relatively little is known about the molecular biology of these agents. So far, research attention has focused mainly on the host and its role in the permission of, and resistance to, lytic phage development (18) .
It is only recently that more detailed information on lysogeny in lactic acid bacteria has become available. Phage (attP) and bacterial (attB) attachment sites have been described for 4adh and its lysogenic host Lactobacillus gasseri ADH (22) , as well as for OLC3 and its host Lactococcus lactis subsp. cremoris IMN-C3 (19) . In the latter system the integrase-encoding gene, int, whose product was shown to be essential for the establishment of the lysogenic state, has also been identified.
Tuc2009, the subject of the present study, is a smallisometric-headed temperate bacteriophage (4), originally isolated from its lysogenic host L. lactis subsp. cremoris UC509, following induction by UV irradiation (11) . Unlike~LC3 , this phage uses a head-full mechanism of DNA packaging (4) .
One of the several benefits of analyzing temperate lactococcal bacteriophages at a molecular level is that their natural integration system, once identified and characterized, can be used to construct integration vectors for use in stabilizing industrially important traits, many of which are plasmid en-t Present address: Food Technology Department, University College, Cork, Ireland. coded. Classically, plasmid integration into lactococcal chromosomes has relied on crossover events between homologous regions on the plasmid and the chromosome, mediated by the host recombination system. However, an alternative strategy, which makes use of bacteriophage-encoded site-specific integration functions and a prophage-cured derivative of the original lysogenic host, has been shown to be feasible (22) . In the present study, it is shown that this procedure holds the potential for more widespread application.
MATERIALS AND METHODS
Bacteriophage, bacterial strains, and plasmids. The bacteriophage, bacterial strains, and plasmids used in this study are listed in Table 1 . Plasmid pSK+203 contains a 13.7-kb Tuc2009 PvuII fragment cloned into the EcoRV site of pBluescriptlISK+ (Stratagene, La Jolla, Calif.). The Tuc2009 intattP region is located near one end (see Fig. 3 ) of this fragment, adjacent to the EcoRI site of pBluescriptlISK+. A 2.8-kb EcoRI fragment containing the int-attP region (see Fig.  3 ) was isolated from pSK+203 and inserted in the EcoRI site of pCI341 (16) to generate pIN1 (see Fig. 5 ). pCI341 carries the pBR322 (7) origin of replication and does not replicate in L. lactis (10, 16) . pIN1 was constructed in E. coli MC1061 and subsequently introduced into L. lactis subsp. cremoris MG1363 by electroporation as described by Holo and Nes (17) .
Media. Escherichia coli was grown in TY broth (23) or on TY solidified with 1.5% agar. L. lactis was grown in glucose M17 broth (25) (21) and BLAST (2) .
Nucleotide sequence accession number. The nucleotide sequence of the phage Tuc2009 int-attP region has been assigned GSDB accession no. L31348.
RESULTS
Identification of the bacteriophage Tuc2009 int gene. The entire genome of the temperate lactococcal bacteriophage Tuc2009 was cloned in E. coli (4) . DNA sequence analysis of the cloned Tuc2009 fragments revealed the presence of a 1,122-bp open reading frame, int, which, on the basis of homology searches, is likely to encode the phage integrase ( Fig. 1 ). The inferred amino acid sequence shows a high degree of similarity (69% in 362 amino acids; 21% identity) to the integrase of Staphylococcus aureus bacteriophage L54a (28) . Furthermore, in the C-terminal part of the sequence a number of amino acids which are well conserved in the integrase family of site-specific recombinases can be identified ( Fig. 1 ) (1, 5) . This is consistent with the observation that the integrases from different bacteriophages, although quite diverse in their Nterminal parts, can be aligned with respect to their C termini (5). The integrase-encoding sequence is preceded by nearconsensus promoter and Shine-Dalgamo sequences ( Fig. 1 ) (15, 20, 27) . The putative -35 promoter region is flanked by inverted repeats (Fig. 1, IR1 ), which may be involved in regulation of the expression of the int gene. Downstream of the coding sequence, a putative transcription terminator was identified ( Fig. 1, IR2 ; AG = -16.4 kcallmol [-68.6 kJ/mol]) (26) .
Localization of the attachment site, attP. A comparison of the genetic organization of the integrase genes and the bacteriophage attachment sites, attP, in different phages shows that the latter may be situated either directly upstream or directly downstream of the int locus (28) . To determine the organization of the two sites in Tuc2009, we probed bacteriophage and UC509 chromosomal DNA digests with three different PCRgenerated probes ( Fig. 2 show that the attP site is located on an 0.8-kb EcoRV-HindIII fragment downstream of and overlapping the integrase gene. Some nonspecific hybridization can be seen in the lanes containing the Tuc2009 DNA, although the probes were deliberately chosen to cover coding sequences in order to minimize this. However, the results clearly show that probe 1 hybridizes to identical EcoRV and HindIII fragments in Tuc2009 and in the chromosome of UC509 but to different EcoRI fragments, thereby locating the attP site between the EcoRV site and the EcoRI site on the map shown in Fig. 2 (Fig. 3) , as well as the amplification and sequencing of attL and attR. On the basis of the chromosomal DNA sequences, we designed two new primers and used them to amplify and sequence the attB region of L. lactis UC509. The fact that this region could be amplified in a PCR with UC509 chromosomal DNA as the template shows that in the lysogenic strain UC509, uninterrupted attB sites are present, presumably as a result of spontaneous excision of the phage. attP, attB, attL, and attR appear to share a 9-bp sequence, TTCTTCATG (Fig. 4) , representing the site of recombination between the phage genome and the chromosome. In the region surrounding this identity segment in Tuc2009, the sequence ATTACAACAAAAT, or part thereof, occurs several times ( Fig. 1) : in direct repeats, either in tandem or not, in inverted repeats, and as part of a 20-bp palindromic sequence. A second sequence, GC lTlTITGT, is present in one direct repeat. Superimposed on this highly structured sequence is an open reading frame of unknown function (Fig. 1, orfx) , which runs in the opposite direction to int. Putative promoter and ShineDalgamo sequences, resembling the consensus sequences (15, 20, 27) , are present upstream of this open reading frame. Downstream, a putative bidirectional terminator ( Fig. 1, IR2 ; AG = -16.4 kcal/mol) (26) may serve to terminate transcription of this gene as well as that of int. attB in L. lactis subsp. cremoris UC526. An attB region identical to that in UC509 was found to be present in UC526, the strain used for lytic propagation of Tuc2009 (Fig. 4) . attB in L. lactis subsp. cremoris MG1363 and site-specific plasmid integration. The primers used to amplify the attB region in L. lactis subsp. cremoris UC509 and UC526 could be used to amplify an equivalent region of the chromosome of the plasmid-free, Tuc2009-resistant L. lactis subsp. cremoris (21,226, 5,148, 4,973, 4,268, 3,530, 2,027, 1,904, 1,584, 1,375 MG1363. DNA sequencing of this PCR product showed it to be nearly identical to the corresponding UC509 fragment: in the sequences surrounding the attB identity segment, only one base substitution was found (Fig. 4) . This observation prompted us to test whether site-specific recombination between attP and attB could take place in this strain. To this end, plasmid pIN1 (Fig. 5) , which contains the Tuc2009 int-attP region inserted in plasmid pCI341 (16) 107 CFU/pug of DNA), and subsequently analyzed by PCR amplification of the attachment sites (results not shown). As expected, no transformants were obtained when plasmid pCI341 was used. In MG1363::pINl, both attL and attR could be amplified by using the primer combinations 5+9 (Table 2) and 4+10, respectively, whereas attB could not be amplified anymore. These results were corroborated by the amplification of attR with primers 10 (chromosomal DNA sequence) and 11 (pCI341 sequence), which unambiguously showed that plasmid pIN1 had been integrated in the chromosome. DNA sequencing of the attL and attR sites finally confirmed that recombination between the plasmid and the chromosome had occurred within the 9-bp identity segment, as expected. The chloramphenicol resistance marker appeared to be stably maintained during propagation in glucose M17 broth in the absence of chloramphenicol. After 150 generations, chloramphenicol resistance was still 100% as judged by the results of plating on media with and without chloramphenicol.
DISCUSSION
The DNA sequence representing part of the genome of the temperate lactococcal bacteriophage Tuc2009, comprising the attP and int loci, is presented. In addition, the sequences of attL, attR, and attB in the lysogenic host L. lactis subsp. cremoris UC509 were determined.
int potentially encodes a protein of 374 amino acids, the Tuc2009 integrase. The attP region shows sequence characteristics similar to those reported to be present in the attachment sites of other bacteriophages (19, 22) , in that it is rich in repeated sequences. The DNA sequence of the int-attP region appears to be nearly identical to the corresponding region recently reported for bacteriophage 4LC3 (19) . The attL, attR, and attB sequences in both systems are identical. Although both Tuc2009 and 4LC3 are small-isometric-headed, temperate bacteriophages and both lysogenize L. lactis subsp. cremoris strains (4, 19) , these phages show considerable differences. The most prominent of these is the DNA-packaging mechanism, which involves a cos site in 4LC3 (19) , as opposed to a head-full mechanism giving rise to circularly permuted molecules with terminal redundancy in Tuc2009 (4) . Furthermore, the genome size of (LC3 is 33 kb, whereas the unit genome size of Tuc2009 is estimated at 39 kb. Also, the Tuc2009 DNA sequence presented here, despite its near identity to the (LC3 sequence, shows significant differences. Throughout the region of Tuc2009 analyzed, single-base-pair differences with the fLC3 sequence exist. As a result, the deduced amino acid sequence of the integrase differs in five residues, although the same length is maintained. Toward the end of the sequence presented in Fig. 1 , the number of differences from the 4LC3 sequence increases, and from approximately nucleotide 1630 (Fig. 1) the homology between the two sequences seems to be lost. As a result, the start of the putative orfx ( Fig. 1) and the preceding Shine-Dalgarno and promoter sequences are not present in the 4LC3 sequence.
In this study, it is shown that the attB sequence, which is common to L. lactis subsp. cremoris UC509 and IMN-C3, is also present in L. lactis subsp. cremoris MG1363. As pointed out by Lillehaug and Birkeland (19) , attB seems to be part of a coding sequence (a configuration not uncommon for bacterial attachment sites [8] ) with an as yet unknown function, which could explain the conservation of the attB sequence, assuming that the target gene is important to the bacterium. The integration of plasmid pIN1 at the attB site in the MG1363 chromosome shows that this strain, although resistant of lysogenic lactococcal phages for particular hosts, the use of integration systems which use phage-encoded integration functions is shown not to be limited to the prophage-cured original host strain of the phage. As a result, these systems may find more widespread application in the lactococci than was originally envisioned.
